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We report on a detailed investigation of the electronic and atomic structure of nanometer-size Co/Ge
islands obtained by solid-state reactive deposition of Co atoms on a Ge(111)c(2 × 8) surface. Relying on
scanning tunneling microscopy (STM) and spectroscopy (STS) measurements combined with density functional
theory based calculations, the atomic structure of the Co/Ge(111)√13 ×√13 R13.9◦ surface reconstruction
is determined. Real-space STM imaging combined with Fourier-transform analysis reveals the coexistence of
two inequivalent phases of
√
13 ×√13 R13.9◦ reconstructed Co/Ge nanoislands that are rotated by +13.9◦
and −13.9◦ with respect to the [211] direction. STS spectra probe a small band gap that varies within the√
13 ×√13 R13.9◦ surface unit cell between 10 and 250 meV, suggesting local metallic behavior. According
to the proposed atomic-structure model, each Co/Ge(111)√13 ×√13 R13.9◦ surface unit cell contains one Ge
adatom and six Co atoms that are located at hollow sites below the top surface Ge layer and that are stacked in
the form of an equilateral triangle. The Ge adatom is located asymmetrically with respect to the Co triangle and
occupies two different, yet physically equivalent, positions, giving rise to two chiral phases of Co/Ge nanoislands.
The Co/Ge valence band is dominated by Co atom derived 3d states, while states in the conduction band stem
from Ge adatom and Ge rest-atom derived states. Analysis of the bonding properties confirms the stability of
the proposed Co/Ge atomic structure and reveals significant charge transfer from Co atoms to Ge rest atoms,
suggesting ionic or metallic-covalent interaction.
DOI: 10.1103/PhysRevB.88.195436 PACS number(s): 68.35.−p, 68.47.Fg, 68.37.Ef, 73.20.At
I. INTRODUCTION
Advances in nanoelectronics during the last decade stem to
a large extent from the undiminished efforts of the scientific
community to overcome the difficulties encountered in the
miniaturization of electronic devices. Currently, the downscal-
ing of the conventional Si-based metal-oxide-semiconductor
(field-effect) transistors1 is reaching its intrinsic limits.2 In
order to proceed beyond these limits, new devices, that are
able to add novel functionalities to Si-based transistors, need
to be developed. Moreover, the use of new materials with
electronic properties superior to those of Si is required.
For this purpose, Ge offers yet unexploited opportunities3–5
because of its higher electron and hole mobility6 and its
compatibility with the Si-based technologies. On the other
hand, nanostructured materials that combine a high spin
polarization with semiconducting properties, such as diluted
magnetic semiconductors7,8 and ferromagnet/semiconductor
hybrids,9,10 are considered as highly promising candidates for
future spintronic devices11,12 and quantum logic gates13–15 that
rely on controlled manipulation of the charge and the spin of
electrons.
In this view, an atomistic understanding of the growth of
3d transition metals on semiconductor surfaces is of utmost
importance because the resulting electronic and spin properties
crucially depend on the precise atomic configurations. The
growth of ferromagnetic materials (Fe, Co, Ni, etc.) on Ge
leads to the formation of complex germanide compounds at
the ferromagnet/semiconductor interface.16–18 The phase evo-
lution of, e.g., Co and Ni germanides as a function of the forma-
tion temperatures19–21 and their Schottky diode behavior22–25
have already been studied intensively. Furthermore, it has
been demonstrated that various metal germanides (NiGe,
PdGe, PtGex , and CoGe2) also offer perspectives for use as
self-aligned contact materials in Ge-based devices because
of their low electrical resistance, low formation temperature,
and high thermal stability.26,27 Due to the reactive nature of
3d ferromagnetic metals, reconstruction of the surface atoms
upon deposition can occur even at room temperature.28 The
growth of ferromagnetic materials on Ge can therefore not
be described by standard epitaxial growth models such as the
Volmer-Weber or the Frank–van der Merwe models. Thin-film
germanide reactions are typically considered to be similar to
silicide reactions. However, when compared to Si, the growth
process of ferromagnetic materials on Ge surfaces has received
considerably less attention.
The (111) surface of Ge is of particular interest because of
the various metal-induced reconstructions that may occur upon
annealing of the surface. Several experimental studies have
already been devoted to the growth and electronic properties
of MnxGey (Refs. 10 and 29–31) and Ag (Refs. 32–36)
on Ge(111)c(2 × 8) surfaces. Mn-doped Ge is considered
as a promising diluted magnetic semiconductor, while the
Ag-induced
√
3 ×√3 R30◦ surface reconstruction (hereafter
referred to as the
√
3R30 reconstruction)37–40 can be used as
an effective buffer layer that is suitable for growth of thin
ferromagnetic (FM) layers.41,42 Direct growth of FM layers
on the Ge surface yields complex germanide phases that form
a nonmagnetic layer at the interface [e.g., for Co layers with
thickness below 3 monolayers (MLs) (Refs. 42 and 43)], which
is detrimental for electron spin injection from the ferromagnet
to the semiconductor.
Previous studies of the growth of Co on Ag/Ge(111)√3R30
revealed the formation of two-dimensional (2D) islands
that exhibit two different surface reconstructions: Some
islands exhibit a
√
13 ×√13 R13.9◦ (hereafter referred
to as
√
13R14◦) reconstruction, while other islands have
a (√3 ×√3) reconstruction.44 The ratio between the
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probabilities of appearance for both types of islands has been
found to depend on the Co coverage and on the annealing
temperature.45–47 However, the precise formation process of
the complex Co/Ag/Ge(111) reconstruction and the role played
by the Ag buffer layer is not fully understood.48 A supporting
theoretical model for the atomic and electronic structure of
the
√
13R14◦ reconstruction still needs to be developed.
Unambiguous interpretation of the reported experimental
results for the Co/Ag/Ge(111) system obviously requires
detailed understanding of the more simple growth process of
Co on bare Ge(111) surfaces. Experimental and theoretical
atomic-scale studies of the initial stages of Co adsorption on
bare Ge(111) surfaces are, however, still lacking.
Here, we report on our combined study based on scan-
ning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) and on ab initio calculations of the√
13R14◦ reconstructed Co/Ge(111) surface that is obtained
by solid-state reactive deposition of Co on the Ge(111)c(2 × 8)
surface and subsequent annealing. By real-space STM imaging
as well as Fourier-transform analysis we reveal the existence of
two structurally inequivalent types of
√
13R14◦ reconstructed
nanometer-size Co/Ge islands having a different chirality.
Relying on voltage-dependent STM imaging, we identified the
two surface unit cells (SUCs) of the √13R14◦ reconstruction
and determined an atomic-scale model of the reconstructed
surface. This is verified in detail by direct comparison with
density functional theory (DFT) based simulations of STM
images. Each SUC consists of six Co atoms that are located at
hollow sites below the top surface layer and that are arranged
in the form of an equilateral triangle, and of one Ge adatom
that is located above a Ge atom of the second layer. The
Ge adatom is located asymmetrically with respect to the
“Co triangle” and can occupy two different yet physically
equivalent sites, yielding two different chiral phases for the
Co/Ge
√
13R14◦ nanoislands. By means of STS we show that
the Co/Ge
√
13R14◦ nanoislands exhibit metallic behavior
with a vanishing band gap that locally varies within the√
13R14◦ SUC, yielding opportunities for use as Ohmic
contact material.26 We find that filled-states STM images are
dominated by Co atom derived states, while the empty states
mainly originate from the Ge adatoms and from the group of
Ge rest atoms. Analysis of the electronic structure and bonding
properties confirms the stability of the proposed Co/Ge atomic
structure. Moreover, our analysis reveals a remarkable charge
transfer from the Co atoms to the Ge rest atoms as well as
nearest-neighbor interactions between Co-Ge atomic species
that point towards the existence of ionic or metallic-covalent
bonding.
II. EXPERIMENTAL METHODS
STM and STS measurements are performed with a low-
temperature ultrahigh vacuum (UHV, base pressure is about
4 × 10−12 mbar) STM setup (Omicron Nanotechnology) at
4.5 K using W tips. The tips are cleaned in situ by repeated
flashing well above 1500 ◦C in order to remove the surface
oxide layer and additional contamination. The tip quality is
routinely checked by acquiring atomic-resolution images of
the “herringbone” reconstruction of the Au(111) surface.49,50
STM topography imaging is performed in constant current
mode. STS spectra are recorded in the current imaging
tunneling spectroscopy (CITS) mode with a grid size of
200 × 200 current-voltage I (V ) spectra. Everywhere in the
text the tunneling bias voltage Vt refers to the sample voltage,
while the STM tip is virtually grounded. Image processing is
done by Nanotec WSxM.51
Ge samples are doped with P at a doping level of
nP ∼ 1018 cm−3, resulting in n-type bulk conductivity with
resistivity ρbulk ∼ 0.01  cm. Ge slabs with dimensions 4 ×
1.5 × 0.8 mm3 and with their long axis aligned along the (111)
direction are cleaved52 in situ at room temperature in the UHV
preparation chamber (base pressure is about 5 × 10−11 mbar)
of the STM setup. After cleavage, the samples are heated
to 400 ◦C for a few minutes to transform the Ge(111)2 × 1
surface into the c(2 × 8) reconstructed Ge(111) surface. Next,
Co atoms are deposited at a rate of 0.004 ± 0.001 monolayers
(MLs) per second from a high-purity Co rod by means
of electron-beam evaporation. During deposition, the Ge
substrate is kept at 100 ◦C. We take 1 ML coverage equal
to 7.22 × 1014 atoms/cm2, i.e., the atomic density of the
unreconstructed Ge(111) surface. After Co deposition, the
sample is annealed to 300 ◦C–350 ◦C for about 10 min.
III. EXPERIMENTAL RESULTS
A. Growth of
√
13 ×√13 R13.9◦
reconstructed Co/Ge(111) nanoislands
In Fig. 1, we present (a) a typical large-scale and (b) a
closeup view STM topography image of the Ge(111) surface
after deposition of about 14 ML of Co as described above. It
can be seen in Fig. 1 that 2D islands with nanometer size
FIG. 1. (Color online) (a) 100 × 100 nm2 and (b) 14 × 14 nm2
STM topography images (Vt = +2.0 V, It = 50 pA) of the
Co/Ge(111) surface. The √13 ×√13 R13.9◦ and c(2 × 8) surface
unit cell are indicated by the white solid rhombus and parallelogram,
respectively, in (b). Other symbols are explained in the text.
195436-2
ELECTRONIC AND ATOMIC STRUCTURE OF Co/Ge . . . PHYSICAL REVIEW B 88, 195436 (2013)
and with
√
13R14◦ surface reconstruction (discussed in more
detail in the next section) are formed, which are referred to
as Co/Ge nanoislands hereafter. The Co/Ge nanoislands have
lateral sizes ranging from a few nanometers up to 50 nm
and are randomly distributed across the Ge(111) surface.
In the high-resolution empty-states STM image of a Co/Ge
nanoisland in Fig. 1(b) the √13R14◦ reconstructed nanoisland
appears to have a similar height as the surrounding Ge(111)
surface. We find that the precise height depends on the
tunneling voltage Vt. For example, the height of a nanoisland
with respect to the surrounding Ge(111) surface is h  10 pm
(peak to peak) at Vt = +2.0 V and h  38 pm at Vt = +1.5 V.
Based on an analysis of 10 140 × 140 nm2 STM topography
images, the total area covered by the Co/Ge nanoislands is
found to be 23% ± 7%.
Parts of Figs. 1(a) and 1(b) also reveal that the initial
long-range c(2 × 8) reconstruction of the Ge(111) surface
surrounding the Co/Ge nanoislands is slightly modified due
to the Co deposition. The Ge surface atoms now exhibit local
(2 × 2) and c(2 × 4) reconstructions that reflect the intrinsic
c(2 × 8) reconstruction. Within the Chadi and Chiang model,53
the c(2 × 8) unit cell is constructed out of a (2 × 2) and a
c(2 × 4) subunit cell with two types of adatoms and rest atoms
on top of the Ge(111) with different local environments.54–61
The surface unit cells (SUCs) of the c(2 × 8) and √13R14◦
reconstruction are indicated in Fig. 1(b). Because of the three-
fold rotational symmetry of the Ge(111) surface, the [011],
[110], and [101] surface crystallographic directions (rotated
by 120◦ with respect to each other) can be inferred from
STM topography images for the initial c(2 × 8) reconstruction
as well as for the local (2 × 2) and c(2 × 4) reconstructed
regions. This also allows us to determine the projections of the
bulk [211], [112], and [121] crystallographic directions on the
Ge(111) surface [indicated by red solid arrows in Fig. 1(a)].
Upon more careful inspection of Fig. 1(a) it can be seen
that the
√
13R14◦ reconstruction of the Co/Ge nanoislands is
rotated by an angle α of about +14◦ or −14◦ with respect
to the [211] direction. This is illustrated in Fig. 1(a) by
the white dotted arrows and the white dashed arrows for
the islands labeled 1 and 2, respectively. The long diagonal
of the
√
13R14◦ SUC rhombus for nanoisland 1 is rotated
clockwise with respect to the [211] direction (hereafter referred
to as the RIGHT
√
13) orientation, while for nanoisland 2 the
long diagonal is rotated anticlockwise (hereafter referred to as
the LEFT
√
13 orientation). Both orientations appear with the
same probability. Exceptionally, nanoislands can be found that
exhibit both RIGHT
√
13 and LEFT
√
13 orientations [see
island labeled 3 in Fig. 1(a)]. It can hence be expected that
at full coverage the surface will consist of Co/Ge
√
13R14◦
domains with the two different orientations that are separated
by domain boundaries.
B. Fourier-transform analysis
We investigated the Co/Ge nanoislands and their
√
13R14◦
reconstruction in more detail via Fourier-transform (FT) anal-
ysis of the STM topography images. In Fig. 2(a), we present
the 2D FT image of the RIGHT
√
13 Co/Ge nanoisland
which was already presented in Fig. 1(b). The (2 × 2) and
c(2 × 4) reconstructed regions of the surrounding Ge surface
FIG. 2. (Color online) (a) 2D FT image of Fig. 1(b). The Bragg
spots indicated by the reciprocal lattice vectors a∗1 stem from the
(1×1) unreconstructed Ge(111) surface, while the spots indicated
by the reciprocal lattice vectors b∗R originate from the RIGHT
√
13
reconstructed Co/Ge nanoislands. (b) 2D FT image of Fig. 1(a). The
vectors a∗2 stem from the (2×2) unreconstructed Ge(111) surface,
while the vectors b∗R and b∗L are linked to the RIGHT
√
13 and
LEFT
√
13 reconstructed Co/Ge nanoislands, respectively. (c), (d)
Schematic top and side views, respectively, of the atomic structure
of the unreconstructed Ge(111) surface. The main crystallographic
directions and high-symmetry atom sites are indicated.
and the threefold rotational symmetry of the Ge(111) surface
give rise to the six outer Bragg spots in Fig. 2(a). These
spots correspond to the reciprocal lattice vector set with
the length | a∗1 | = 1.774 A˚−1 (2π/| a∗1 | = 3.54 A˚) of the
unreconstructed Ge(111)(1 × 1) atomic lattice. The six inner
Bragg spots [the reciprocal lattice vector set | b∗R| = 0.455 A˚−1
(2π/| b∗R| = 13.8 A˚)] stem from the surface reconstruction
of the RIGHT
√
13 type Co/Ge nanoisland. The sizes of
the vector sets are related as | a∗1 | =
√
13 | b∗R| and the sets
are rotated clockwise over an angle α = +13.2◦ ± 1.6◦ with
respect to each other. The latter value matches well with the
angle derived directly from the STM topography image (see
previous section).
Figure 2(b) presents the 2D FT image of the STM
topography image in Fig. 1(a). In this case, the Bragg spots
corresponding to a∗1 can not be observed due to the larger size
of the STM image, while the Bragg spots stemming from the
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2 × 2 surface reconstruction, i.e., | a∗2 | = 2| a∗1 | = 0.868 A˚−1
(2π/| a∗2 | = 7.23 A˚) can still be discerned [they are also visible
in Fig. 2(b)]. Note that the reciprocal vectors a∗1 and a∗2 are
not rotated with respect to each other, implying they both
can be used as an orientational reference for other spots.
The 12 inner Bragg spots in Fig. 2(b) originate from the
presence of Co/Ge nanoislands with both the RIGHT
√
13
and LEFT
√
13 reconstruction in Fig. 1(a). These spots can
hence be interpreted in terms of the presence of two subsets
of six spots with reciprocal vectors b∗R and b∗L of equal length
and with a relative angle of 2α = 29◦ ± 2◦. The latter value
is in a good agreement with the theoretical value of 27.8◦
for the
√
13R14◦ reconstruction. The similar intensity of the
two subsets of Bragg spots confirms that the RIGHT
√
13
and LEFT
√
13 Co/Ge nanoislands appear with the same
probability in the STM images.
The fact that two types of
√
13R14◦ Co/Ge nanoislands
are formed on the Ge(111) surface can be understood by
considering the atomic-scale model of the Ge(111) surface.
Figures 2(c) and 2(d) present a sketch of the four surface layers
of the unreconstructed Ge(111) surface. The (1×1) and (2×2)
SUCs with (real-space) lattice vectors a1 and a2 are indicated
in Fig. 2(c). When selecting a SUC, the origin of the vector
a1 can be (arbitrarily) placed on one of the three different Ge
atom sites: On the top atom, in front of the second-layer atom
or in front of the fourth-layer atom (hereafter referred to as
the hollow site) [see Figs. 2(c) and 2(d)]. The long diagonal
of the SUC rhombus can be chosen along the [211], [112],
or [121] direction. This way, the complete Ge surface can
be constructed by repeating the chosen SUC. For a given
(1×1) SUC, there are two equivalent possibilities for the
“adsorbate SUC” of the
√
13R14◦ reconstruction, as indicated
in Fig. 2(c). These SUCs have real-space lattice vectors with
the length | bR| =
√
13 | a1| (green) and | bL| =
√
13 | a1| (red)
vectors and are rotated over an angle of +13.9◦ and −13.9◦
with respect to the (1×1) SUC. Both SUCs are primitive√
13R14◦ unit cells, i.e., they are the simplest unit cells that are
able to describe the
√
13R14◦ structure. The experimentally
observed RIGHT
√
13 and LEFT
√
13 orientations of the
reconstructed Co/Ge nanoislands in Fig. 1(a) can hence be
linked to these two different
√
13R14◦ SUCs.
C. Inequivalence of the RI G HT
√
13 and L E FT
√
13 SUCs
Although the two SUCs that describe the
√
13R14◦ recon-
struction appear very similar, they are not fully equivalent.
This becomes clear when considering the atomic structure
of the unreconstructed Ge(111) surface that “supports” the
RIGHT
√
13 and LEFT
√
13 SUCs in Fig. 2(c). It can be
seen in Fig. 3 that the atomic arrangements within both SUCs is
different, i.e., the SUCs exhibit mirror symmetry with respect
to each other. The SUCs can hence not be transformed into
each other by a simple rotation operation, but only by a mirror
reflection with respect to the symmetry line indicated in Fig. 3.
It is expected that this “inequivalence” of both types of recon-
structed Co/Ge nanoislands gives rise to a different appearance
of the islands in STM experiments. Indeed, while both types
of Co/Ge nanoislands appear very similar in the empty-states
regime [threefold rotational symmetry, see Fig. 1(a)], a mirror
FIG. 3. (Color online) (Left) and (right) Schematic top view
of the unreconstructed Ge(111) surface area that is “covered” by
the LEFT
√
13 and RIGHT
√
13 SUCs of the
√
13R14◦ surface
reconstruction in Fig. 2(c), respectively. The arrangement of the
Ge(111) surface atoms within the LEFT √13 and RIGHT √13
SUCs exhibits mirror symmetry with respect to each other (see the
sequence of atoms indicated by the yellow arrows at the bottom of
each SUC).
symmetry between the two types can be observed in the
filled-states regime. Figures 4(a) and 4(c) present empty-states
STM topography images of a RIGHT
√
13 and LEFT
√
13
Co/Ge nanoisland, respectively. The SUC is added for each
image, together with an “orientational guide” that indicates the
higher (brighter) and lower (darker) region of the √13R14◦
SUC by a red and blue triangle, respectively. Figures 4(b)
and 4(d) present filled-states STM topography images of the
same areas presented in Figs. 4(a) and 4(c), respectively.
FIG. 4. (Color online) (a), (c) Empty-states (Vt = +1.5 V, It =
150 pA) and (b), (d) filled-states (Vt = −1.5 V, It = 50 pA) STM
topography images of a RIGHT
√
13 and LEFT
√
13 reconstructed
Co/Ge nanoisland. Image sizes are 15 × 15 nm2 for (a), (b) and 10 ×
10 nm2 for (c), (d). The √13 ×√13 R13.9◦ SUC is indicated by
the black rhombus. An “orientational guide” is added to each of the
images (see text for more details).
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Determination of the SUCs for the empty- and filled-states
regimes is discussed in more detail in Sec. III D.
In the filled-states regime [Figs. 4(b) and 4(d)], the√
13R14◦ surface reconstruction of the Co/Ge nanoislands
is observed as densely packed equilateral triangles with less
bright edges and brighter spots at their corners, as previously
also reported by Lin et al.62 This is indicated in Figs. 4(b)
and 4(d) by the added “orientational guide.” One can see that
the RIGHT
√
13 and LEFT
√
13 Co/Ge nanoislands exhibit
mirror symmetry with respect to each other (along the vertical
axis). The angle β between the long diagonal of the rhombus
and the median of the equilateral triangle [see Figs. 4(b)
and 4(d)] is about ±14◦, similar to what was found from our
2D FT analysis (see Sec. III B) and √13R14◦ SUCs modeling
(Sec. IV). A simple analysis learns that β = 0 with respect to
the crystallographic directions [211]. In other words, we can
conclude that the bright triangles in the filled-states regime
have the same orientation for the RIGHT
√
13 or LEFT
√
13
reconstructed Co/Ge nanoislands and that the three bright
corners of the triangle indicate the [211], [112], and [121]
crystallographic directions.
It is important to note that the combination of filled-states
and empty-states STM topography imaging allows us to
unambiguously determine the phase of the
√
13R14◦ surface
reconstruction of the Co/Ge nanoislands, without any further
analysis of the orientation of the surrounding nanoislands
and without determining the crystallographic directions of
the surrounding Ge(111)c(2 × 8) surface (see Sec. III A).
Moreover, from analysis of the
√
13R14◦ filled-states STM
topography images, it is possible to determine the [211], [112],
and [121] crystallographic directions of the Ge(111) substrate.
D. Voltage-dependent STM investigation of the Co/Ge
√
13R14◦
surface reconstruction
High-resolution voltage-dependent STM imaging of Co/Ge
nanoislands reveals structural details that have not yet been
reported in previous STM-based studies.44,45,62,63 Figure 5
presents a series of empty-states [(a1)–(a5)] and filled-states
[(b1)–(b5)] STM topography images of the √13R14◦ surface
reconstruction of a RIGHT
√
13 Co/Ge nanoisland, recorded
at the same location and with the same STM tip for tunneling
voltages Vt ranging from +2.0 to −1.5 V.
In order to exclude possible (thermal) drift effects of the
piezo scanner during our voltage-dependent STM imaging,
we record “dual-bias STM images.” In particular, a different
tunneling voltage is used for the forward and backward line
scans that govern the forward and backward STM topography
images. In Fig. 5, we also take into account the small (scan-
speed-dependent) shift of about 0.2 A˚ that was found to exist
between both recorded images with respect to each other and
hence always use the same scan speed. The tunneling voltage
for the forward image is fixed at Vt = 2.00 V and is used as
a reference for the backward image for which the tunneling
voltage is varied. This way, the dual-bias STM imaging allows
us to compare exactly the same locations of the
√
13R14◦ SUC
at different tunneling voltages. The
√
13R14◦ SUC, indicated
by the dotted rhombus in Fig. 5, has a periodicity of
√
13 ×√
13 and a side length of 1.46 ± 0.04 nm.
FIG. 5. (Color online) (a1)–(a5) Empty-states and (b1)–
(b5) filled-states STM topography images of the Co/Ge√
13 ×√13 R13.9◦ reconstruction on the Ge(111) surface. Image
sizes are 6.3 × 6.3 nm2. The tunneling voltage Vt is indicated for
each image.
In the empty-states regime, at voltages above 1.0 V
[Figs. 5(a1) and 5(a2)], topography is dominated by bright
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spherical protrusions that are located at the four corners of the
SUC rhombus, i.e., there exists one such protrusion for each
SUC. These protrusions appear most pronounced in the 1.2
to 1.5 V tunneling voltage range [see Fig. 5(a2)]. In addition
to the protrusions, a less bright feature can be observed in
the lower half part of the SUC. This feature becomes more
pronounced with increasing tunneling voltage, and around
Vt = 2.0 V its brightness is similar to that of the protrusions at
the rhombus corners. Both the protrusions at the corners and
the extra feature in the lower half of the SUC become less clear
with decreasing tunneling voltage below 1.0 V [Fig. 5(a3)],
and around 0.8 V the feature in the lower half part of the SUC
transforms into a structure consisting of three small bright
spots that form an equilateral triangle [Figs. 5(a4) and 5(a5)].
The protrusions at the rhombus corners are no longer visible at
these voltages. In Fig. 5(a4), the equilateral triangle is marked
by the dotted symbol labeled 1. This triangle is duplicated at
exactly the same location in all of the STM topography images
in Fig. 5.
In the filled-states regime, at high voltages below −1.0 V
[Figs. 5(b1)–5(b3)], the topography is dominated by equi-
lateral triangles with less bright edges and brighter corners,
similar to the STM topography images in Figs. 4(b) and 4(d).
As already mentioned in Sec. III C, the angle between the
median of the triangle and the long diagonal of the SUC
rhombus is about −14◦, i.e., the Co/Ge nanoisland is of type
RIGHT
√
13. The triangular structure is indicated by a dotted
symbol labeled 2 in Fig. 5(b2). This triangular symbol is
duplicated at the same location in all of the STM topography
images in Fig. 5. Note that this triangular feature 2 does
not fit completely inside the SUC, i.e., the lower two bright
spots lie somewhat outside the SUC. However, it can be
seen that one SUC contains (in total) one triangular feature
labeled 2. In particular, it can be seen that the three bright
spots, which are indicated in an alternative way by label
3 in Fig. 5(b2), fit completely within a single SUC of the√
13R14◦ periodic structure. In the following, we prefer to use
the structure labeled 2, as it is more consistent with the atomic-
structure model we propose below. Above −1.0 V [Figs. 5(b4)
and 5(b5)], the triangular structure 2 becomes less clear and
the bright corners fade away. Instead, a fine structure appears
within the contours of triangle 2 as well as small spots at the
corners of the SUC rhombus. The voltage-dependent STM
images allow us to develop and verify our atomic-structure
model for the Co/Ge(111)√13R14◦ surface reconstruction
(see Sec. IV).
E. Electronic structure of Ge(111)c(2 × 8)
and
√
13R14◦ Co/Ge nanoislands
The surface electronic structure of bare Ge(111)c(2 × 8)
has already been investigated in great detail using various
experimental techniques, including angle-resolved photoe-
mission spectroscopy (ARPES), inverse photoemission spec-
troscopy (IPES), and STS, as well as by ab initio calculations.
In Fig. 6, we schematically illustrate the main contributions
of electronic states to the surface density of states (SDOS)
of the Ge(111)c(2 × 8) surface that have been reported in
literature. Germanium is a semiconductor with a (relatively)
large band gap Eg of about 0.74 eV at low temperature,
FIG. 6. (Color online) Energy scheme of the main contributions
of electronic states to the Ge(111)c(2 × 8) surface density of states
following reported ARPES, IPES, STS, and theoretical studies.
allowing clear observation of the Ge(111)c(2 × 8) surface
band gap Esbg = 0.49 ± 0.03 eV.64 The surface states are
mainly localized at adatoms (AAs, emtpy-surface states) and
rest atoms (RAs, filled-surface states). ARPES studies have
revealed that the rest-atom derived states are located near
−0.8 eV below the Fermi level EF,65–68 in good agreement
with STS experiments55,57,60 and ab initio calculations.58,61,64
The deeper-lying state in the valence band near −1.4 eV below
EF is related to back-bond (BB) states of the adatoms and
has been observed in ARPES experiments.68 A contribution
from these BB states to rest atoms has been reported as
well.58,61 Finally, STS55,57,60 and IPES69 measurements as well
as theoretical studies58,64 showed that the feature near 0.7 eV
above EF originates from adatom related states. The electronic
properties of the Ge(111)c(2 × 8) surface states are, however,
not yet fully understood. In particular, the origin of some
aspects of the surface band structure related to the existence of
two inequivalent “types” of adatoms (AT, AR) and rest atoms
(RT, RR) (Ref. 58) that have a different Ge environment is
still a matter of debate. Razado-Colambo et al. found that this
inequivalence gives rise to a splitting of the rest-atom band
and adatom band of about 0.1–0.2 eV (see Fig. 6) and a partial
electron transfer from adatoms to rest atoms.61 In addition,
photoemission data by Aarts et al. revealed the existence of
a surface band S1 around −0.15 eV below EF that has a
dangling-bond-like character and a (1 × 1) periodicity.68 This
could not be explained within the existing Ge(111)c(2 × 8)
model and was related to partially filled adatom dangling
bonds. However, recently, it has been shown that the S1 band is
actually a combination of a band originating from states below
adatom and rest-atom layers near the center of the Brillouin
zone, while the outer part of the S1 band stems from rest-atom
related states only.61
The electronic behavior of surface states typically dras-
tically changes upon the adsorption of metal atoms. We
therefore performed STS measurements to investigate the local
electronic structure of the bare Ge(111)c(2 × 8) surface before
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Co deposition as well as of the Co/Ge
√
13R14◦ surface
reconstruction and the surrounding uncovered parts of the Ge
surface. In order to take into account the effects of the different
tunneling barrier for different tunneling voltages, we rely
on the normalized differential conductance (dI/dV )/(I/V ),
which is proportional to the local density of states (LDOS)
of the surface, rather than on the differential conductance
dI/dV . (dI/dV )/(I/V ) is obtained numerically from the
recorded I(V) spectra. However, division by the voltage
Vleads to an artificial divergence around zero bias in the
(dI/dV )/(I/V ) spectra. To eliminate the divergence around
zero bias, we applied (limited) broadening to the (I/V ) data
values.70 In Fig. 7(c), we present typical (dI/dV )/(I/V )
spectra recorded at (1) the bare Ge(111)c(2 × 8) surface
prior to Co atom deposition (black solid line), (2) the
Ge(111) surface in-between the Co/Ge nanoislands after Co
atom deposition (green dashed line), and (3) a √13R14◦
reconstructed Co/Ge nanoisland (red dashed-dotted line). The
Fermi level EF is located at 0 V. The spectra are obtained by
FIG. 7. (Color online) (a) Empty-states and (b) filled-states
STM topography images (Vt = +1.0 V, It = 20 pA) of the same
RIGHT
√
13 and LEFT
√
13 reconstructed Co/Ge nanoislands
on the Ge(111) surface. (c) (dI/dV )/(I/V ) spectra taken at the
Ge(111)c(2 × 8) surface prior to Co atom deposition (black solid
curve) and after Co deposition, i.e., at the √13R14◦ reconstructed
Co/Ge nanoislands (red dashed-dotted curve) and at the defect-free
areas with local c(2 × 4) and (2 × 2) reconstructions in-between
the Co/Ge nanoislands (green dashed curve). Inset: logarithm of
I (V ) spectra taken on Ge(111)c(2 × 8) (black solid curve) and
on
√
13R14◦ reconstructed Co/Ge nanoislands (red dashed-dotted
curve).
taking the numerical derivative of area-averaged I(V) spectra
(including typically 103–104 spectra) extracted from a CITS
measurement. Figures 7(a) and 7(b) are empty-states and
filled-states STM topography images, respectively, of the same
Ge surface with
√
13R14◦ nanoislands, on which also the CITS
data were recorded. Spectrum (2) in Fig. 7(c) is obtained
by averaging CITS I(V) data of defect-free areas with local
c(2 × 4) and (2 × 2) reconstructions that exist in-between the
Co/Ge nanoislands, while spectrum (3) in Fig. 7(c) is obtained
by averaging CITS data recorded at the three Co/Ge
√
13R14◦
nanoislands that are included in Figs. 7(a) and 7(b). Finally,
spectrum (1) in Fig. 7(c) is obtained from another CITS
measurement on bare defect-free Ge(111)c(2 × 8) before Co
atom deposition [topography image not included in Figs. 7(a)
and 7(b)].
The spectrum of the bare Ge(111)c(2 × 8) surface reveals
several pronounced features that can be linked to the states
presented in Fig. 6. The large peak near 0.65 V (labeled AA)
can be attributed to the adatom related empty-surface-states
band. Moreover, it can be seen that this peak exhibits a
“shoulder” at its right-hand side, which points towards the
existence of two inequivalent types of adatoms, as already
discussed above. The splitting is found to be about 150 mV
[measured in-between AR and AT, see Fig. 7(c)], in agreement
with previous theoretical predictions.58,61 Features in the
spectrum at voltages above the adatom peak can be associated
with conduction band (CB) states and a higher-lying surface-
states band.60 The two CB peaks at 1.12 and 1.43 V appear
at significantly lower voltages (i.e., about 0.3 V closer to
EF) than the two CB peaks previously reported for p-type
Ge(111)c(2 × 8).60 Similarly, the valence band (VB) peak in
the filled-states regime near −0.7 V appears at about 0.3 V
lower voltage. These shifts can be explained by the fact that
the Fermi level EF is closer to the CB for n-type material than
for p-type material. Finally, in the filled-states regime, one can
observe another (broad) peak at −1.12 V below EF, which
can be associated with the surface rest-atom band (labeled
RA). In contrast to the case of the adatom related peak, we
do not resolve a spectral shoulder that can be linked to two
different types of rest atoms. This can be explained by the fact
that the rest-atom band is rather close to the VB peak, which
hampers resolving the RT and RR peaks. It should be noted that
the rest-atom peak in the STS spectra appears at significantly
lower energies when compared to earlier ARPES spectra.68 It
has recently been shown that the voltage at which the rest-atom
peak appears strongly depends on the tunneling current and on
the temperature. This has been related to disorder-induced
states stemming from (disordered) adatoms that appear at
domain boundaries of the Ge(111)c(2 × 8) surface, resulting
in a nonequilibrium source of positive charge.60
In order to determine the width and the energy positions
of the edges of the surface band gap, we plot the logarithm
of the (absolute value of the) tunneling current as a function
of tunneling voltage [see inset of Fig. 7(c)]. This way, the
energy band gap is observed as the (noisy) flat (zero-slope)
region around V = 0. For the bare Ge(111)c(2 × 8) surface
(black solid line), the band gap is located in-between the bulk
VB states (below EF) and the surface adatom derived states
(above EF). The surface band gap ranges from about −0.45 to
0.15 V and the band gap width is 0.60 eV.
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In Fig. 7(c), the STS spectrum of the √13R14◦ recon-
structed Co/Ge nanoislands (red dashed-dotted line) differs
significantly from that of the bare Ge(111)c(2 × 8) surface
(black solid line) as well as from that of the local c(2 × 4) and
(2 × 2) reconstructed Ge(111) surface (green dashed line). It
can be seen that the tunneling spectra of the Ge(111) surface
before and after Co atom deposition are rather similar, although
the STM topography images of both surfaces appear to be
quite different. There occurs only a small shift of the RA and
AA peaks of about 0.1–0.2 V towards EF, while the width of
the surface band gap remains almost the same. On the other
hand, the
√
13R14◦ reconstructed Co/Ge nanoislands exhibit
a strongly reduced surface band gap when compared to the
surrounding Ge surface. To minimize the (potential) influence
of nonequilibrium effects in the tunneling spectra, we relied on
low-current STS measurements and used identical tunneling
voltage and current set-point values for the acquisition of
I(V) curves on bare Ge(111)c(2 × 8) and on Co/Ge √13R14◦
reconstructed nanoislands. From the logarithm of the I (V )
spectrum taken on a Co/Ge nanoisland [red dashed-dotted line
in the inset of Fig. 7(c)], a band gap of 0.2 eV can be inferred.
The Fermi level EF is located symmetrically in the surface
band gap determined by the two surface-states related peaks
located at −0.2 and 0.2 V. Furthermore, we note that careful
comparison of the electronic structure of the two RIGHT
√
13
reconstructed Co/Ge nanoislands labeled (1) and (2) in
Figs. 7(a) and 7(b) reveals no significant differences in the
STS spectra. Remarkably, also no significant differences are
observed between RIGHT
√
13 reconstructed Co/Ge nanois-
lands (1,2) and LEFT √13 reconstructed Co/Ge nanoislands
(3), both in local (non-area-averaged) STS (dI/dV )/(I/V )
spectra taken at different sites within the
√
13R14◦ SUC
of different Co/Ge nanoislands, and in area-averaged STS
spectra such as those presented in Fig. 7(c). We therefore
conclude that the RIGHT
√
13 and LEFT
√
13 reconstructed
Co/Ge nanoislands exhibit an identical electronic structure.
Finally, we want to note that in the low-current STS mea-
surement we did not observe any significant dependence of
the (dI/dV )/(I/V ) spectra on the tunneling current for the
Co/Ge
√
13R14◦ reconstructed nanoislands.
In Fig. 8, we present (dI/dV )/(I/V ) spectra recorded
at three inequivalent locations within the
√
13R14◦ SUC
indicated in the inset: (1) an adatom site, (2) a “central” site,
and (3) a “depressed” site. The spectra are the average of 30
to 50 individual spectra recorded at the same locations (1),
(2), and (3), but on different Co/Ge nanoislands. It can be
seen that the surface band gap depends on the exact location
within the
√
13R14◦ SUC and varies from below 0.01 eV (i.e.,
close to metallic behavior) at location (3), up to about 0.24 eV
at location (1). The band gaps of the adatom site (1) and of
the central sites (2) are slightly asymmetric with respect to the
Fermi level and are enclosed in-between the two surface-states
related bands located near −0.25 V (S1F) and 0.2 V (S1E).
The S1E peak appears closer to EF at the central site and the
depressed site, while S1F always appears at the same energy.
Another pronounced peak S2E is observed around 0.8 V at
the adatom site and around 0.9 V at the central site, i.e.,
around the same energy at which AA states are found on bare
Ge(111)c(2 × 8) surfaces [see Fig. 7(c)]. At the depressed site,
the S2E state is only weakly visible. Instead, an additional state
FIG. 8. (Color online) Normalized differential conductance spec-
tra taken at the three different locations within the
√
13R14◦ SUC that
are indicated in the STM topography image in the inset (Vt = +1.8 V,
It = 20 pA). Curves are shifted vertically for clarity.
S3E can be observed around 1.6 V. Finally, in the filled-states
regime an additional surface-states peak S2F is found to exist
at the three locations (1), (2), and (3), shifting from −0.5 V at
the adatom site to −0.7 V at the depressed site.
In Fig. 9, we present a series of 2D maps of the tunneling dif-
ferential conductance dI/dV (x,y,V ), which is proportional
to the LDOS, derived from a CITS measurement at the same
locations as those used for Figs. 7(a) and 7(b). This way,
the existence of the low-energy surface states in the Co/Ge√
13R14◦ nanoislands can be visualized using the LDOS
maps. One can see that the LDOS near the Fermi level is
higher on the nanoislands when compared to the surrounding
area, in both the empty-states [Fig. 9(a1)] and filled-states
regimes [Fig. 9(b1)]. This is consistent with our STS-based
observation of a very small surface band gap at the depressed
sites of the
√
13R14◦ reconstruction (see Fig. 8), i.e., there
is an almost metallic conductivity. At voltages below 100 mV
the main contribution to the LDOS of the nanoislands stems
from the tails of the S1E and S1F surface states. At higher
voltages, the LDOS at the adatom sites and the central sites
increases and the Co/Ge nanoislands can be clearly discerned
in the LDOS maps up to V = 0.6 V and down to V = −0.7 V
for the empty and filled states, respectively. At more elevated
voltages, the VB and AA states start to contribute to the
LDOS. In the voltage range between 0.6 and 1.2 V, the
LDOS maps reveal pronounced patterns on the
√
13R14◦
reconstructed Co/Ge nanoislands [Figs. 9(a2) and 9(a3)]. This
can be linked to the S2E surface state that exists within this
voltage range (see Fig. 8). Around 0.7–0.8 V, the S2E state is
mainly localized at the adatom site, and for V = 0.9–1.0 V it
also appears at the central site. Furthermore, a large amount
of surface defects can be resolved on the surrounding Ge
surface in-between the nanoislands. This may be related to
a (random) embedding of a fraction of the deposited Co atoms
into the Ge(111) surface, which may in turn give rise to the
observed breaking of the (initial) long-range c(2 × 8) surface
reconstruction. From our careful comparison of the LDOS
maps of RIGHT
√
13 and LEFT
√
13 reconstructed Co/Ge
nanoislands for a wide range of energies, we can conclude that
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FIG. 9. (Color online) Filled-states (a1–a4) and empty-states (b1–
b4) CITS derived LDOS maps at the same location as in Figs. 7(a)
and 7(b) (the tunneling voltage Vt is indicated for each image).
the RIGHT
√
13 and LEFT
√
13 reconstructions exhibit, in
spite of their different appearance in STM topography images,
identical local electronic properties.
IV. COMPUTATIONAL METHODS
AND STRUCTURAL MODEL
A. Details of the calculations
Our theoretical investigation of the Co-induced√
13 ×√13 R13.9◦ surface reconstruction of the Ge(111)
surface is performed using DFT based calculations71,72 within
the Perdew-Burke-Ernzerhof73 (PBE) generalized gradient
approximation74 (GGA) exchange-correlation energy
functional. Calculations are performed using the SIESTA
code,75,76 which relies on the expansion of the Kohn-Sham
orbitals using a linear combination of pseudoatomic
orbitals. The core electrons are implicitly treated by using
norm-conserving Troullier-Martins pseudopotentials77 with
the following electronic configuration of the elements: H =
1s1, Ge = (Ar 3d10) 4s2 4p2, and Co = (Ar) 4s2 3d7, where
the core configurations are indicated between parentheses.
A mesh cutoff of 300 Ry for the grid integration and a split
double-zeta basis set without spin polarization are used in all
calculations. Integrals over the Brillouin zone are summed on
a 6 × 6 × 1 Monkhorst-Pack mesh,78 ensuring convergence
of the self-consistent field iteration process until the changes
of total energy are below 0.1 meV.
Our calculations are performed in three stages. First, we
start from an unreconstructed Ge(111) slab with √13R14◦
surface periodicity. Second, an (arbitrary) amount of so-called
“foreign” Co and Ge atoms is added at different locations
(based on symmetry considerations) above the Ge(111) surface
and the equilibrium configurations of the Co/Ge system are
determined using conjugate gradient (CG) geometry optimiza-
tion. Third, the electronic structure of a n × n supercell is
calculated and used for the DFT based simulations of STM
topography images. The second and third steps are repeated
until the best match between the experimental and simulated
STM images is achieved.
In order to model the Ge(111) unreconstructed surface with√
13R14◦ periodic boundary conditions, an extended mono-
clinic unit cell with basis vector lengths |x| = a0
√
13/
√
2,
|y| = a0
√
13/
√
2, and |z| = a0 4
√
3 is used (see Fig. 10),
where a0 = 5.641 A˚ is the optimized bulk Ge lattice constant
for the selected DFT approximation. The angle between the
x = bR and y = bR vectors is 60◦ and for the RIGHT
√
13
SUC both vectors are rotated over an angle of +13.9◦ with
respect to the vector a1 [i.e., the projection of the bulk lattice
vector on the (111) surface, see Fig. 2(c)]. The unit cell
consists of a slab of 10 Ge atomic layers [see Fig. 10(b)]
of which one atomic layer is saturated by hydrogen atoms,
yielding 130 Ge atoms and 13 H atoms per unit cell. The
vacuum space above the Ge surface is 21.7 A˚. Since the bare
Ge(111)c(2 × 8) surface reconstructs from the c(2 × 8) to the√
13R14◦ reconstruction during the annealing after Co atom
deposition, we can not simply estimate the initial amount of
Ge adatoms and rest atoms within the new
√
13R14◦ SUC.
First, the amount of Ge adatoms and rest atoms in the SUC
is reduced and becomes fractional upon transition from the
old SUC to the new one because of the different size S
of the SUCs for both reconstructions, i.e., Sc(2×8)/S√13 =
16
13 . Second, during the reconstruction, the Co atoms may
“push away” the Ge adatoms that are initially present be-
low the Co/Ge nanoislands. Therefore, we start our mod-
eling from the bare unreconstructed and unrelaxed Ge(111)
surface.
Next, Co and Ge atoms are added on top of the (111) surface
as illustrated in Fig. 10. The amount of added atoms and their
adsorption sites are chosen based on symmetry considerations
related to the lattice symmetry of the RIGHT
√
13 SUC
and on STM images for the filled-states and empty-states
regimes (see discussion in Sec. III D). Here, we focus as an
example on the RIGHT
√
13 atomic structure, but detailed
complementary results were also obtained for the LEFT
√
13
atomic structure. During the CG geometry optimization, the
atoms of the six topmost Ge layers are allowed to relax, while
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FIG. 10. (Color online) (a) Top and (b) side views of the
ball-and-stick model of the unreconstructed Ge(111) slab for the√
13R14◦ SUC. The model contains 10 Ge layers with vacuum space
above the upper surface layer and a H-terminated bottom surface
layer. The
√
13R14◦ unit cell is indicated by bold black dashed
lines. The atoms of the first and second Ge layers are presented
as the larger green and blue spheres, respectively, while atoms below
the third layer are indicated by the smaller gray-green spheres. The
red and yellow spheres indicate the initial (prior to CG geometry
optimization) adsorption positions of one Ge adatom (red sphere)
and six Co atoms (yellow spheres), respectively.
the positions of the atoms of the four lower-lying Ge layers
and of the H layer are frozen. The “foreign” atoms and the slab
atoms are allowed to relax until all atomic forces acting on the
released atoms are smaller than 5 meV/A˚ and the remaining
numerical error in the total energy is smaller than 10−4 eV for
each optimization step. Each optimized structure is subjected
to an annealing simulation. The annealing allows the system
to surmount energy barriers and hence can give rise to another
structure with a lower (local-minimum) energy. This way, a
fully relaxed equilibrium geometry is obtained for each of the
calculated structures.
The face centered cubic (fcc) Ge(111) surface has three
types of sites that exhibit threefold rotational symmetry: (1)
Sites above the top Ge atoms (green Ge atoms in Fig. 10), (2)
sites above Ge atoms of the second layer (blue Ge atoms in
Fig. 10), and (3) hollow sites (i.e., above Ge atoms of the fourth
layer). Since we place the Ge atoms of our Ge(111) model
initially at their bulk positions, the surface has a high density of
broken bonds, i.e., one dangling bond per top Ge atom, which
is energetically unfavorable. The density of these dangling
bonds is reduced by introducing “foreign” Ge adatoms. When
positioning an adatom above a hollow site or a second-layer Ge
atom, it will bind to three (nearest-neighbor) Ge surface atoms
and only one dangling bond (of the adatom itself) remains.
The introduction of Ge adatoms thus reduces the total amount
of dangling bonds and hence gives rise to an energetically
more favorable surface. In the experiments, adatoms are
observed above second-layer Ge atoms only. In order to find
the energetically most favorable Co/Ge geometry, we use all
three types of sites that are available within the
√
13R14◦
SUC (i.e., 13 sites for each type) as the initial coordinates of
“foreign” Co and Ge atoms. For the Co atoms, the top Ge atom
sites appear to be relevant only when considering bilayer Co
structures that are formed at higher Co coverage and, as will be
demonstrated in the following, these sites can be excluded here.
For the Ge adatoms the sites above the second-layer Ge atom
as well as the hollow sites need to be considered. Adsorption
of Ge adatoms at these sites is found to yield a very similar
energy gain,79 and the possible interaction with Co atoms may
imply that the hollow sites are more preferable for the Ge
adatoms. Our calculations reveal that the Co atoms typically
relax towards the hollow sites, regardless of their starting
position. Co adsorption at these locations yields a lower total
energy when compared to those geometries for which the Co
atoms are found to stay above Ge atoms of the second Ge layer
after relaxation. Furthermore, when a Co atom is placed at a
hollow site, the top Ge atoms are found to relax upward to
positions somewhat above the Co atoms (up to 1.4 A˚). This
finding is in line with our previous work, which demonstrated
that Co atoms deposited on bare Ge(111)2×1 surfaces can
penetrate down to the fourth Ge subsurface layer.80,81
If our candidate model system configurations would all
have the same amount of atoms and only a different atomic
geometry, the relaxed geometry that matches the
√
13R14◦
reconstruction could simply be determined by comparing the
total energies of the different model system configurations
and finding the energetically most favorable geometry. Here,
however, it is not a priori known how many “foreign” atoms
(i.e., Co atoms and Ge adatoms) contribute to the observed√
13R14◦ reconstruction and need to be included in our
model system. Therefore, the total energies of different model
system configurations having a different amount of atoms
can not be simply compared. For example, the minimum
total energy of the Ge model system is that of the (2 × 1)
reconstruction without any “foreign” atoms. The amount of
possible configurations further increases when considering
possible penetration of the Co atoms in subsurface Ge layers
and the possible formation of bilayer Co structures. The
atomic structure that matches the
√
13R14◦ reconstruction
can therefore only be determined by direct comparison of
DFT based simulations of STM topography images and
experimental STM topography images. Comparison of filled-
states and empty-states topography images reveals that only 1
atomic-structure model out of more than 40 candidates (with
varying bonding geometry and stoichiometry) fully matches
the experimental observations.
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B. Structural model of Co/Ge(111)√13R14◦ reconstruction
Figure 11 presents a ball-and-stick model of the atomic
structure that is found to match to the experimentally observed
Co/Ge(111)√13 ×√13 R13.9◦ reconstruction. The structure
contains one Ge adatom (red sphere) and six Co atoms (yellow
spheres). The initial positions (prior to relaxation) of the
“foreign” atoms are presented in Fig. 10. The six Co atoms are
located vertically above hollow sites and have an equilateral
triangular arrangement. The Ge adatom is initially located
asymmetrically with respect to the Co triangle, i.e., vertically
above a Ge atom of the second layer. In Fig. 11, we present a top
and side view of the seven topmost layers after relaxation: six
relaxed Ge layers and one layer of adsorbed Co and Ge atoms.
For the lower-lying Ge layers, we maintain their initial (prior
to relaxation) numbering, despite their strong reconstruction
upon relaxation. The new top layer thus consists of one Ge
adatom (red sphere) and the Ge atoms of the initial top layer
(green spheres). A more detailed classification of the topmost
atoms according to their height and electronic properties will
be given below. The Ge atoms of the second layer (blue
spheres) also considerably change their position during the
relaxation, both laterally in the x,y plane as well as vertically
in the z direction. The nearest neighbors of the Ge adatom,
FIG. 11. (Color online) Ball-and-stick model of the
RIGHTCo/Ge(111)√13R14◦ reconstruction. (a) Top and (b) side
views of the geometry presented in Fig. 10 after relaxation. The
basis unit of the
√
13R14◦ reconstruction consists of one Ge adatom
(red sphere) and six Co atoms (yellow spheres). Green and blue
colored spheres represent the Ge atoms of the first and second
layers, respectively, similar to Fig. 10. The smaller gray-green
spheres correspond to the bulk Ge atoms. The relaxed Co atoms are
all located in-between the first and second Ge layers. The SUC is
indicated by the dashed black rhombus in (a) and by vertical dashed
black lines in (b), respectively. The initial positions of the bulk Ge
atoms are indicated by the thin dotted mesh.
FIG. 12. (Color online) Top view of the upper two atomic layers
of the Co/Ge(111)√13R14◦ surface reconstruction based on the
relaxed atomic structure presented in Fig. 11. The “building units”
of the
√
13R14◦ reconstruction are indicated by dashed red circles
and green dotted triangles (see text for more details). The SUC of the√
13R14◦ reconstruction (indicated by the dashed black rhombus) is
rotated over an angle +13.9◦ with respect to the [121] direction, while
the “building unit” indicated by the green dotted triangle is aligned
to the crystallographic directions indicated in the upper left corner of
the figure. The ideal fcc(111) surface mesh is indicated by gray thin
dotted lines in the background. The colors of the different types of
surface atoms are the same as the colors in Figs. 10 and 11.
i.e., three top Ge atoms, relax towards each other, while the Ge
atoms of the second layer below the adatom move downwards.
As a result, the Ge atoms of the third and fourth layers below
the adatom [see Fig. 11(b)] move downwards as well. The Co
atoms retain their triangular arrangement after relaxation and
are all retrieved in-between the first and second Ge layers at
about the same z position [see Fig. 11(b)]. The positions of
the Ge bulk atoms below the fourth atomic layer are found to
change only slightly after relaxation.
The relaxed model is visualized alternatively at larger scale
in Fig. 12, where only the atoms from the two topmost Ge
layers and the additional Co layer are included. This way, it can
be seen that the Ge adatom is positioned symmetrically with
respect to the surrounding Co triangles. Indeed, the Ge adatom
is bonded to three top-layer Ge atoms [as is also the case for the
c(2 × 8) reconstructed Ge surface].79 These four Ge atoms can
be considered as a “building unit” of the surface reconstruction
and are indicated by a dashed red circle in Fig. 12. The six
Co atoms and the surrounding 10 Ge atoms from the top
and second Ge layers that interact with the Co atoms form
another “building unit” of the surface reconstruction and are
indicated by the green dotted triangle in Fig. 12. Figure 12
illustrates that the triangular building units are aligned with
the crystallographic [121], [211], and [112] directions. The
angle β is hence equal to zero for this triangular building unit.
Note that the SUC of the
√
13R14◦ reconstruction is tilted
by an angle α = +13.9◦ with respect to the [121] direction,
consistent with the experimentally observed RIGHT
√
13
orientation of the surface reconstruction discussed in Sec. III C.
The 10 Ge atoms of the triangular building unit [because
of the analogy with the c(2 × 8) reconstruction again referred
to as Ge rest atoms hereafter] relax significantly both laterally
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and vertically. Their relaxation is not symmetrical due to the
asymmetric position of the Ge adatom with respect to the
triangular building unit. The Ge adatom induces “bending” of
the side of the triangle formed by four Ge rest atoms adjacent
to the Ge adatom. In the lower left part of Fig. 12, the center
of the relaxed Ge rest atoms labeled (1)–(3) is highlighted
by black-white dotted crosses. A straight dotted line is drawn
in-between the two Ge rest atoms (1) located at the two corners
of the triangular building unit. The largest relaxation occurs
for the Ge rest atom that is located directly adjacent to the
Ge adatom, i.e., Ge rest atom (3). Due to the translational
periodicity of the two building units, the triangular unit is
surrounded by Ge adatoms on three sides that all induce an
identical “bending” of the sides of the triangular building unit.
This is depicted by the green dotted deformed triangles in
Fig. 12. The triangular building unit, alone and as well as in
combination with the Ge adatom building unit, can hence be
considered as a chiral structure.
The asymmetric position of the Ge adatom with respect
to the triangular building block gives rise to the possibility to
form either theRIGHT
√
13 or theLEFT
√
13 Co/Ge surface
reconstruction. On the fcc Ge(111) surface, the Ge adatoms
occupy two different, yet physically equivalent, positions, as
illustrated in the central part of Fig. 13: The Ge adatom can be
located both at the left-hand side (green dotted circle) and
at the right-hand side (red dotted circle) of the triangular
building unit (yellow dotted triangle), yielding a RIGHT √13
(green rhombus) and LEFT √13 (red rhombus) SUC. The
FIG. 13. (Color online) Sketch of the two possible positions of Ge
adatoms on the Ge(111)(1×1) surface with respect to the triangular
building units formed by Co atoms. The Ge adatom (red sphere)
building units are indicated by green and red dotted circles enclosing a
red colored Ge adatom, while the six Co atoms (yellow spheres) of the
triangular building units are indicated by the yellow dotted triangle.
The two positions of the Ge adatom, labeled RIGHT and LEFT ,
give rise to two different SUCs, i.e., a RIGHT
√
13 SUC (green
rhombus) and a LEFT √13 SUC (red rhombus). The RIGHT √13
and LEFT
√
13 SUC surfaces are repeated twice in the right and left
parts of the figure, respectively.
RIGHT
√
13 and LEFT
√
13 SUCs are repeated twice in
the right and left parts of Fig. 13, respectively, to illustrate
the symmetry of the Ge adatom positions in-between the
triangular building units for both SUCs. Calculations for the
LEFT
√
13 SUC (using CG geometry optimization and DFT
based simulations of STM topography images) reveal that the
geometry and electronic properties of the LEFT
√
13 surface
reconstruction is identical to that of the RIGHT
√
13 surface
reconstruction. The bending of the three sides of the triangular
building unit of both geometries is the same, yielding the chiral
structures that exhibit mirror symmetry with respect to each
other, as observed in the experiments discussed in Sec. III C. It
is still under question if the triangular Co structures grow first
and the Ge adatoms arrive afterwards, or that the Ge adatoms
grow first and that their positions determine the positions for
growth of the triangular Co building blocks.
From Fig. 12 it becomes clear that the
Co/Ge(111)√13R14◦ surface reconstruction can be
“constructed” using the larger building unit formed by
the smaller Ge adatom and triangular Co/Ge building units
(see Fig. 14). As already mentioned above, the Ge rest atoms
considerably change their position in the vertical direction
upon relaxation, resulting in a different height for each Ge
rest atom. We can distinguish four types of Ge rest atoms
in the triangular Co/Ge building unit: (1) three Ge atoms at
corner positions [Ge(1)], (2) three Ge atoms at side positions
[Ge(2)], (3) three Ge atoms at side positions close to the Ge
adatom [Ge(3)], and (4) one Ge atom at the center of the
FIG. 14. (Color online) (a) Top and (b) side views of a ball-and-
stick model of the Ge adatom and triangular Co/Ge building unit of
the Co/Ge(111)√13R14◦ surface reconstruction. In (b) the atomic
structure is viewed along the direction indicated by the arrow labeled
A in (a). The inset in (a) indicates the relative height of the relaxed
Ge rest atoms within the triangular building unit. The numbers on the
gray height scale bar indicate the different heights of the Ge rest atoms
in (a) and (b). The SUC is indicated in (a) and (b) by a 3D red dashed
rhombus (its height in the [111] direction is chosen arbitrarily).
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TABLE I. Calculated distances between the two types of Co atoms
and the neighboring Ge rest atoms (labeled in Fig. 14).
Atom pair Co–Ge Distance
Co(1c)–Ge(1) 2.204 A˚
Co(1c)–Ge(2) 2.365 A˚
Co(1c)–Ge(3) 2.262 A˚
Co(1c)–Ge(21) 2.475 A˚
Co(1c)–Ge(22) 2.430 A˚
Co(2s)–Ge(2) 2.294 A˚
Co(2s)–Ge(3) 2.261 A˚
Co(2s)–Ge(4) 2.471 A˚
Co(2s)–Ge(22) 2.390 A˚
Co(2s)–Ge(23) 2.473 A˚
Co(2s)–Ge(24) 2.504 A˚
triangular building unit [Ge(4)]. The three atoms of types
(1)–(3) exhibit identical properties, i.e., they are at the same
height and have the same bond distances, atom population,
and Mulliken overlap population with deviations for each
of these parameters remaining below 0.05%. The inset in
Fig. 14(a) gives the relative height of the relaxed Ge(1)–Ge(4)
rest atoms. The Ge(1) atoms have the lowest position within
the triangular building unit, while the Ge(2), Ge(4), and Ge(3)
atoms are located 0.6, 0.9, and 1.1 A˚ above the Ge(1) atoms,
respectively. The Co atoms all have the same height, i.e.,
below the Ge(2) atoms and 0.1 A˚ above the Ge(1) atoms. Based
on their identical properties, the six Co atoms can be divided
into two subgroups: (1) three Co atoms at corner positions
[Co(1c)] and (2) three Co atoms at side positions [Co(2s)] [see
Fig. 12(a)]. Similarly, the 12 Ge atoms of the second layer
can be divided into 4 subgroups: (1) three Ge atoms bonded
to Co(1c), Ge(1), and Ge(2) atoms [Ge(21)], (2) three Ge atoms
bonded to Co(2s) atoms [Ge(22)], (3) three Ge atoms bonded to
Co(1c) atoms [Ge(23)], and (4) three Ge atoms located inside
the Co triangle [Ge(24)]. The distances between the different
Co–Ge atoms of the relaxed
√
13R14◦ model are listed in
Table I. The covalent bond length of the Ge adatom is found
to be 2.633 A˚, which is slightly larger (8%) than for typical
bulk Ge–Ge bonds (2.439 A˚) and consistent with previous
studies.79,82
C. DFT based modeling of STM topography images
and electronic structure of the Co/Ge
√
13R14◦
surface reconstruction
To confirm our Co/Ge
√
13R14◦ model, we compare the
experimental constant current STM topography images to sim-
ulated STM topography images. The simulated STM images
are obtained using the Tersoff-Hamann approximation83,84 at a
distance of several angstroms above the position of the topmost
surface atoms. The dependence of the tunneling current I
on the tunneling voltage V between the STM tip and the
surface is
I = 2πe
h¯
∑
μ,v
f (Eμ)[1 − f (Ev + eV )] | Mμv |2 δ(Eμ − Ev),
(1)
where f (E) is the Fermi-Dirac distribution function, Mμv is
the tunneling matrix element between electronic states ψμ of
the tip and electronic states ψv of the surface, and Eμ (Ev) are
the energies of the states ψμ (ψv) in the absence of tunneling.
When we assume localized wave functions ψμ for the tip,
Mμv is proportional to the amplitude of ψv at position r0 of the
probing tip at low temperatures. For small tunneling voltages
V , Eq. (1) reduces to
I ∝
∑
v
| ψv(r0) |2 δ(Eμ − EF ). (2)
Following Eq. (2), the tunneling current I is proportional
to the surface LDOS that is probed at position r0 of the tip,
integrated over an energy range from EF to EF + eV . For a
constant tunneling current I the STM tip essentially follows
a contour of constant surface LDOS. However, because the
surface wave functions decay exponentially into the vacuum
region, numerical evaluation of ψv(r0) (within the DFT based
approach these are the Kohn-Sham wave functions of the
surface) for tip-surface distances of the order of several
angstroms poses a significant problem for the DFT based
calculations. For this reason, STM simulations are often
restricted to (the vicinity of) the surface, which may yield
incorrect results. In order to tackle this problem, we use the 2D
Fourier transform of the wave functions ψv(r) in combination
with spatial extrapolation techniques85 to evaluate the surface
wave functions ψv(x,y,z0) in the vacuum region, up to
z0 = 10 A˚ above the surface. We rely on an experimental
z(Vt) spectrum measured on the
√
13R14◦ surface to take
into account the dependence of the height z on the tunneling
voltage Vt in our calculations. This z(Vt) dependence, to which
an initial tip-sample distance of 3 A˚ is added, is used to
determine the height above the surface at which simulated
STM images are calculated. For low voltages, i.e., for energies
close to EF , z(Vt)  3.5 A˚, while for high voltages above 1 V,
z(Vt)  6.4 A˚.
This way, we calculate STM topography images for
all possible Co/Ge conformations for the filled-states and
empty-states regimes between −3.0 and +3.0 eV. Agreement
between theory and experiment is achieved for the entire
energy range only for the relaxed model presented in Fig. 11.
In Fig. 15, we present a series of experimental (outer columns,
grayscale images) and calculated (inner columns, color scale
rhombus) STM constant current topography images for the
filled-states (two right columns) and empty-states (two left
columns) regimes. Calculated STM topography images are
obtained for a 3×3 SUC (indicated by the dashed white-blue
rhombus) for the RIGHT √13 geometry displayed in Fig. 11.
Experimental STM topography images in Fig. 15 are all
recorded at the same location.
Initially, the
√
13R14◦ SUC rhombus was chosen based
on high-bias empty-states STM images (see Sec. III D) and
the corners of the SUC rhombus were positioned on the
bright atomic features without any further knowledge of
the origin of these bright features. Following our proposed
model, these features stem from the Ge adatoms. We therefore
redefine (using a parallel translation operation) the √13R14◦
SUC rhombus in the calculated images with respect to the
experimental STM images (white dotted rhombus in Fig. 15).
Furthermore, the
√
13R14◦ building unit discussed in the
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FIG. 15. (Color online) Experimental empty-states and filled-states STM topography images (outer columns, grayscale images) and the
corresponding simulated STM topography images (inner columns, color scale rhombus) of the Co/Ge(111)√13R14◦ surface reconstruction.
The tunneling voltage Vt is indicated in each of the images. Two
√
13R14◦ SUCs are indicated in the simulated images: A red dotted rhombus
SUC used for the calculations and a white dotted rhombus SUC inferred from the experimental images (see Sec. III D). The √13R14◦ “building
unit” (see Fig. 14) is superimposed on each image at exactly the same location.
previous section is superimposed on each image at exactly
the same location.
The calculated STM images nicely reproduce all of the im-
portant features of the experimental STM images in Fig. 15. In
the filled-states regime, perfect agreement between experiment
and theory is achieved for the entire tunneling voltage range.
For the empty-states regime, perfect agreement is found as
well, except for the lowest tunneling voltages, where small
differences can be observed. These small discrepancies can be
attributed to the approximations made in the DFT calculations
(see discussion below).
In the filled-states regime, at tunneling voltages below
−0.9 V, the calculated topography becomes dominated by an
equilateral triangular feature that exhibits bright protrusions
above the Co(1c) atoms (see Fig. 15). Upon more careful
analysis, we find that this electronic feature originates from
a complex contribution of hybridized orbitals of the Co(1c) and
Ge(3) atoms to the integrated LDOS probed above the surface.
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FIG. 16. (Color online) Height dependence of high-bias filled-
states calculated DFT based STM topography images. The height
above the surface at which the STM images are calculated is
(a) 3.5 A˚, (b) 4.0 A˚, and (c) 6.2 A˚. All images are calculated for
the same tunneling voltage Vt = −1.6 V. The first two surface layers
of the Co/Ge
√
13R14◦ model are added below the topography images
that are made semitransparent.
The dependence of these local LDOS maxima on the height
above the surface is illustrated in Fig. 16. At lower heights
close to the surface, the LDOS is dominated by the topmost
atoms, i.e., the Ge adatom and the Ge(3) atoms [see Fig. 16(a)].
With increasing distance from the surface, their contribution
to the integrated LDOS rapidly decays [see Fig. 16(b)], in
contrast to the contribution from the Co(1c) atoms that in
turn start to dominate the LDOS at larger distances from
the surface [see Figs. 16(b) and 16(c)]. At heights above
4.5 A˚ only states related to the Co(2c) atoms are observed
both theoretically and experimentally. At lower voltages in
the filled-states regime the fine structure of the upper atoms
within the triangular building unit appears, with the Ge atoms
being more pronounced than the Co atoms (Fig. 15). This fine
structure can not be resolved in the experimental STM image
due to STM tip convolution effects that hamper visualization
of such small corrugations. Nevertheless, the main features
in the calculated and experimental images are in very good
agreement and the Ge adatom can be clearly traced in both
images.
In order to shed more light on the contribution of Co and
Ge rest atoms to the electronic properties, we also perform
density of states (DOS) calculations. Plots of the projected
DOS for different atom sites are presented in Figs. 17(b)
and 17(c), while Fig. 17(a) presents the total DOS and the
surface DOS (topmost two Ge atomic layers and Co layer). In
addition, Fig. 18 provides a direct comparison of the experi-
mental (dI/dV )/(I/V ) spectra of the √13R14◦ reconstructed
nanoisland and the theoretical surface DOS of the Co/Ge√
13R14◦ slab. The experimental (dI/dV )/(I/V ) spectrum is
obtained by area averaging CITS data of the locations labeled
(1)–(3) in Fig. 8 for different Co/Ge √13R14◦ nanoislands.
From comparison of Figs. 17(b) and 17(c), it is clear that the
valence band (VB) is dominated by the d states stemming from
the Co atoms, while the sp states of the Ge surface atoms exist
in the conduction band. The contribution of the Co atoms to the
DOS [see black dashed curve in Fig. 17(b)] exhibits maxima
around −0.8 eV that lie well outside the bulk Ge band gap
[Fig. 17(a)] and below the top of the VB. These maxima are
split by 0.3 eV due to the presence of two types of Co atoms,
i.e., a Co(1c) and a Co(2s) atom. The absolute values of the peaks
are the same for the Co(1c) and Co(2s) atom [see red and blue
dashed curves in Fig. 17(b)]. The integrated LDOS above the
surface is, however, dominated by the Co(1c) atoms. The Co(2s)
FIG. 17. (Color online) (a) Total DOS (black curve) and surface
DOS (red dashed curve) for the Co/Ge √13R14◦ slab. (b) Site
projected DOS of a Co(1c) atom (red solid curve), a Co(2s) atom (blue
dashed curve), and the sum of both DOSs (black dashed curve). (c)
Site projected DOS of all Ge atoms from the top layer (black dashed
curve), partial DOS of a Ge adatom (red solid curve), a Ge(4) atom
(blue dotted line), and the sum of the Ge(1), Ge(2), and Ge(3) rest atoms
(green dashed line). Curves are shifted vertically for clarity.
atoms have a smaller contribution to the LDOS, resulting in
less pronounced spots in the triangular building unit. It can
hence be concluded from Figs. 17(a) to 17(c) that the surface
DOS of the VB stems mainly from the Co atoms, in agreement
with the experimental STS measurements (see Fig. 18). The
surface state S2F can be directly attributed to Co(1c) and Co(2s)
surface atoms, while the surface state S1F is associated with a
different contribution of the Co and Ge atoms.
In the empty-states regime at tunneling voltages above
0.7 V, the calculated topography is dominated by the Ge
adatom, which exhibits maximum contrast around 1.3 V (see
Fig. 15), and by the Ge(3), Ge(2), and Ge(4) rest atoms,
which appear as the “central” bright protrusion. The latter
feature becomes more pronounced with increasing tunneling
voltage and above 1.8 V it is brighter than the Ge adatom,
whose brightness decreases with increasing tunneling voltage
(see Fig. 15). At low tunneling voltages, the calculated and
experimental images exhibit some discrepancies. In particular,
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FIG. 18. (Color online) Comparison of a typical experimental
(dI/dV )/(I/V ) spectrum of a √13R14◦ reconstructed nanoisland
(black solid curve) and the theoretical surface DOS of the Co/Ge√
13R14◦ slab (red dashed curve).
a fine structure related to the Ge(3) and Ge(2) rest atoms is
found in the calculated images, while the experimental images
reveal three broadened spots per SUC at the locations of the
Co(2s) atoms. The DOS calculations indicate that the Ge and Co
atoms exhibit peaks in the bulk band gap around 0.3 eV, which
can be considered as surface states [see Figs. 17(b) and 17(c)
and the surface state S1E in Fig. 18]. The interplay between
these states hence determines the integrated LDOS above the
surface in the empty-states regime at low tunneling voltages.
According to our DFT based calculations, the Ge(3) and Ge(2)
atoms have a larger contribution to the integrated LDOS, which
is in disagreement with the experimental observations. This
disagreement can be explained as follows. First, the three
experimentally observed spots may indeed be related to Ge(3)
and Ge(2) rest atoms. These atoms can form a hybridized
state that gives rise to the large broadened spots in the
STM images. This is indicated in the extra SUC rhombus
drawn in the experimental and calculated images in Fig. 15.
The three white ellipses drawn in this SUC indicate the
coupling between the Ge(3) and Ge(2) atoms that can give
rise to three large broadened spots per SUC. Second, we
note that the calculations do not take into account effects
such as tip-induced band bending, resonant tunneling, and
nonequilibrium effects.60,86 These effects may result in a shift
of the energy levels of the surface states, which is evident from
comparison of the experimental (dI/dV )/(I/V ) spectrum to
the theoretical surface DOS spectrum in Fig. 18. The here
encountered discrepancy between theory and experiment can
be related to the well-known fact that DFT is not able to reliably
reproduce the size of the band gap of semiconductor materials.
Because doping of the Ge substrate is not included in our DFT
based calculations, our DOS calculations predict the presence
of a pseudogap with a negligible DOS around EF that separates
the bonding from the antibonding states [see Fig. 17(a)].
However, our STS measurements indicate a metallic-type
conductivity for the Co/Ge
√
13R14◦ nanoislands (see Fig. 18
and also the discussion in Sec. III E). We therefore believe
that inclusion of the tunneling and doping effects in a
spin-dependent calculation will resolve the here observed
discrepancy between theory and experiment at low tunneling
voltages.
The amount of possible chemical bonds of the Co and
Ge atoms can be estimated from an analysis of their bond
lengths (see Table I). For a single bond between a Co and a
Ge atom, the bond length can be estimated as the sum of the
Co and Ge covalent radii, which is rc = 2.38 A˚. Analysis of
the calculated Co(1c)–Ge(x) and Co(2s)–Ge(x) distances reveals
that all Co–Ge pairs form chemical bonds, since all distances
differ from rc by only −7.4% to +3.9%, only the Co(2s)–Ge(24)
distance is somewhat larger (5.2%). An underestimation of
the bond lengths by a few percent is typical for DFT based
calculations. The chemical bonding mechanism between the
Co and Ge atoms involved in the DFT electronic-structure
calculations can be investigated in more detail by evaluating
the crystal orbital overlap population/Hamiltonian population
(COOP/COHP).87,88 We use an alternative COOP/COHP
based approach that allows us to calculate the relevant physical
quantities independent of the choice of the zero of the potential
by relying on the so-called covalent bond energy (ECOV).89
COOP and ECOV calculations are known to yield similar
results, while the COOP method generally overestimates the
magnitude of the antibonding states when defined for a plane-
wave basis set.90 Figure 19 presents the partialECOV for Co(1c)–
Ge(x), Co(2s)–Ge(x), and Ge(x)–Ge(x) interactions. Negative,
positive, and zero values of ECOV correspond to bonding,
antibonding, and nonbonding interactions, respectively. Above
the Fermi level, the ECOV spectra reflect a pronounced bonding
FIG. 19. (Color online) Chemical bonding in terms of the cova-
lent bond energy ECOV. (a) Co(1c)–Ge and Co(2s)–Ge interactions. (b)
Ge–Ge bulk (black curve) and Ge (surface atom)–Ge/Co interactions
(colored curves).
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TABLE II. Mulliken overlap population and electron population
for the Co/Ge
√
13R14◦ reconstruction. Co and Ge atoms are
numbered according to Fig. 14 and Table I.
Atom/atom Co(1c) Co(2s) Electron pop.
Ge(1) 0.235 3.939
Ge(2) 0.139 0.217 4.210
Ge(3) 0.193 0.222 4.123
Ge(4) 0.152 4.351
Ge(21) 0.124 4.181
Ge(22) 0.206 4.139
Ge(23) 0.167 4.163
Ge(24) 0.161 4.273
Ge(24) 0.077 0.146 4.273
Electron pop. 8.552 8.440
character of the Co–Ge and the Ge–Ge interactions (see
Fig. 19). Near −0.8 eV the ECOV spectrum indicates an
antibonding interaction between the Co(1c) and the neighboring
Ge rest atoms. The latter also exhibit antibonding peaks around
−0.5 and −1.05 eV. This may be linked to the instability of
the Co/Ge system in nonmagnetic configurations and to the
known thermal instability of the Co/Ge complex.
Using Mulliken population analysis,91 we can investigate in
more detail the character of the bonds involved in the Co/Ge√
13R14◦ reconstruction. The positive and negative overlap
population values indicate bonding and antibonding states,
respectively. The partial Mulliken electron orbital overlap
populations of the Co atoms and the electron populations
are listed in Table II. The calculations reveal that significant
charge redistribution occurs between the Co atoms and the
Ge surface atoms, i.e., 0.45|e| and 0.56|e| are transferred to
the neighboring Ge atoms from Co(1c) and Co(2s), respectively
(see Table II). Such densities of transferred electrons indicate
a weak bonding with ionic or metallic-covalent character. The
Co(1c) and Co(2s) atoms exhibit five and six discernible bonds
with Mulliken overlap populations, respectively. The overlap
of the atomic orbitals is 35% to 58% of that of the Ge–Ge
bulk covalent bond (approximately 0.4). The Ge adatom has a
neutral charge and three covalent bonds with an overlap of 40%
to 50% of that of the Ge–Ge bulk covalent bond. There also
exists a weak interaction between the Co(1c) and Ge(24) atom
(see Table II). Because of the very low overlap population (17%
of Ge–Ge bulk covalent bond overlap), this interaction should
not be considered as a sixth bond. It can be seen in Table II
that all values of the bond overlap population are positive,
yet relatively small, which indicates that there exist ionic or
metallic-covalent interactions between the populations. Our
findings based on the bond length and the Mulliken overlap
population analysis are in good agreement with the calculated
electron charge density distribution ρ(x,y,z) (data not shown),
where zones of high electron localization (the signature of
chemical bonds) between the Co and Ge atoms are found to
appear gradually at isosurface values below 0.06 e/A˚3. The
Co(1c) and Ge(24) pair do not exhibit any remarkable electron
localization. We therefore conclude that the Co(1c) and Co(2s)
atoms form bonds with five and six neighboring Ge atoms,
respectively. We note that our experimental conditions are
in the temperature range where solid-state germanide phases
such as CoGe,21 Co5Ge7,92 and CoGe2 (Ref. 93) germanides
are known to be formed. Here, however, we do not intend to
provide a similar precise indication of the chemical formula of
the Co/Ge
√
13R14◦ structure because the atomic geometry in
our model is a planar system rather than an equilibrium bulk
phase such as cubic CoGe, tetragonal Co5Ge7, or orthorhombic
CoGe2. Interpretation of our planar Co/Ge structure in terms of
germanide phases is therefore left as an open question because
for germanide phases the transition from a surface (planar) to a
bulk (3D) structure is not well defined. Further analysis of the
Co/Ge
√
13R14◦ atomic structure model in order to identify
the proper analogy with the known germanide bulk phases will
be the subject of our future research.
V. SUMMARY
Co/Ge(111)√13R14◦ reconstructed nanoislands are ob-
tained by deposition of Co atoms on Ge(111)c(2 × 8) surfaces
and subsequent annealing. Relying on combined STM/STS
measurements and DFT based calculations, the atomic struc-
ture of the Co/Ge(111)√13R14◦ surface reconstruction is
determined. Both our experiments and our calculations demon-
strated that the
√
13R14◦ reconstruction results from the
mixing of Co and Ge without the need to involve a third
element such as Ag.45–47
Voltage-dependent STM imaging reveals the coexistence
of two inequivalent structural phases of the Co/Ge
√
13R14◦
surface reconstruction. The RIGHT
√
13 and LEFT
√
13√
13R14◦ reconstructed phases are found to be chiral struc-
tures, having a SUC that is rotated over an angle of +13.9◦
and −13.9◦ with respect to the [211] direction, respectively.
STS spectra of the
√
13R14◦ reconstructed Co/Ge(111)
nanoislands reveal semimetallic behavior and a very small
band gap that locally varies within the SUC between 10
and 250 meV. This is consistent with previously reported
metallic properties of other germanide materials and offers
potential for use as an Ohmic contact material. Spectra of
the Ge surface surrounding the Co/Ge nanoislands reveal an
electronic structure similar to that of bare Ge(111)c(2 × 8)
surfaces and are used as a reference. Spectra of the
√
13R14◦
reconstructed surface further reveal several additional states,
including two surface states at ±0.2 V with respect to
EF, i.e., within the projected Ge bulk band gap. LDOS
maps of RIGHT
√
13 and LEFT
√
13 reconstructed Co/Ge
nanoislands recorded in a wide energy range show that the
RIGHT
√
13 and LEFT
√
13 phases exhibit identical local
electronic properties.
Based on these experimental findings, a model for the
atomic structure of the
√
13R14◦ reconstructed Co/Ge(111)
surface is obtained. DFT based simulations of the STM images
for this model are in perfect agreement with the experimental
STM images for the entire investigated range of tunneling
voltages. In our model, each
√
13R14◦ SUC contains one Ge
adatom located above a Ge atom of the second layer and six
Co atoms located at hollow sites below the Ge surface layer
in the form of an equilateral triangle. Ten Ge rest atoms relax
upward due to the relaxation of the Co atoms to a position
well below the surface. We find that the Ge adatom can
occupy two different, yet physically equivalent, sites, located
asymmetrically with respect to the Co triangle, which gives
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rise to the RIGHT
√
13 and LEFT
√
13 chiral phases of the
Co/Ge nanoislands.
The six Co atoms of the SUC can be divided into two
subgroups: Atoms at corner positions (Co(1c)) and at side
positions (Co(2s)) of the equilateral triangle. Filled-states STM
images are dominated by Co(1c) derived states and to some
extent also by Co(2s) derived states. The Co(1c) related brighter
corners in the STM images are aligned along the [211], [112],
and [121] directions. Empty-states STM images are dominated
by Ge adatom derived states and by the group of Ge rest atoms.
In addition, we find that the interplay between the Co(2s) and Ge
rest atoms determines the integrated LDOS above the surface
at low tunneling voltages in the empty-states regime.
Finally, analysis of the covalent bond energy, Mulliken
overlap populations, and charge density confirms the sta-
bility of the Co/Ge
√
13R14◦ structure and moreover re-
veals significant charge transfer between the Co atoms and
Ge rest atoms. We conclude that the bonds involved in
the Co/Ge
√
13R14◦ structure are dominated by nearest-
neighbor interactions that have an ionic or metallic-covalent
character. DFT based calculations of the Co–Ge bond
strength further reveal that the Co(1c) and Co(2s) atoms
form bonds with five and six neighboring Ge atoms,
respectively.
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